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Retroviral integrase can use water or some small alcohols as the attacking nucleophile to nick DNA. To
characterize the range of compounds that human immunodeﬁciency virus type 1 integrase can
accommodate for its endonuclease activities, we tested 45 potential electron donors (having varied
size and number or spacing of nucleophilic groups) as substrates during site-speciﬁc nicking at viral
DNA ends and during nonspeciﬁc nicking reactions. We found that integrase used 22 of the 45
compounds to nick DNA, but not all active compounds were used for both activities. In particular, 13
compounds were used for site-speciﬁc and nonspeciﬁc nicking, 5 only for site-speciﬁc nicking, and
4 only for nonspeciﬁc nicking; 23 other compounds were not used for either activity. Thus, integrase
can accommodate a large number of nucleophilic substrates but has selective requirements for its
different activities, underscoring its dynamic properties and providing new information for modeling
and understanding integrase.
& 2012 Elsevier Inc. All rights reserved.Introduction
Retroviral integrases are responsible for inserting a DNA copy
of the retroviral genome into cellular DNA, a recombination event
that makes retrovirus infections permanent and ultimately leads
to immunodeﬁciency and other diseases (Brown, 1997). Integrase
catalyzes two endonuclease reactions in vivo: sequence-speciﬁc
nicking after conserved CA bases near the 30 ends of unintegrated
viral DNA to remove the terminal two nucleotides (the processing
reaction) and sequence-independent insertion of the processed
viral DNA into cellular DNA (the joining or strand-transfer
reaction) (Craigie, 2001). Importantly, these activities can be
modeled and studied in vitro (Craigie et al., 1990; Katz et al.,
1990; Katzman et al., 1989). Integrase also exhibits two other
in vitro endonuclease activities, disintegration (which is a reversal
of the joining reaction) and nonspeciﬁc alcoholysis, that havell rights reserved.
s; ED, 1,2-ethanediol; DMSO,
grase
cine, Division of Infectious
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a 17033, USA,
).facilitated study of the mechanism of this enzyme (Chow et al.,
1992; Katzman and Sudol, 1996).
In all four reactions, integrase catalyzes one-step transester-
iﬁcations in which the nucleophilic oxygen of an OH group nicks a
DNA phosphodiester bond and joins to the 50 phosphate on the 30
side of the nick (Engelman et al., 1991; Katzman et al., 1991;
Skinner et al., 2001; Vink et al., 1991). It has been known for some
time that integrase can use various nucleophilic donor molecules
to nick DNA. During processing, which has been called a site-
speciﬁc alcoholysis reaction (Vink et al., 1991), the attacking OH
group can be provided by water (Vink et al., 1991), certain
alcohols (e.g., glycerol, ethylene glycol, serine, or threonine)
(Katzman et al., 1991; Vink et al., 1991), or even the terminal
30–OH at the viral DNA end (Engelman et al., 1991). Thus, the
terminal nucleotides can be removed as a linear dinucleotide
when water is the nucleophile, bound to an alcohol, or circular-
ized (Fig. 1B). These products can be distinguished on gels if the
radioactive label (the asterisk in Fig. 1B) is near the 30 end of the
DNA rather than at the 50 end. Similarly, integrase was shown to
use water or four different alcohols for nonspeciﬁc DNA nicking
(Fig. 1A), and this activity – which resembles strand transfer in
that almost any site in target DNA can be nicked – was named
nonspeciﬁc alcoholysis (Katzman and Sudol, 1996). In contrast to
the variety of nucleophiles used for these two activities, the
Fig. 1. Integrase assays for detecting the use of alternative nucleophiles to nick
DNA. Oligodeoxynucleotides are depicted as straight lines, curved arrows indicate
sites of nicking, and two dots represent donor electrons of nucleophilic oxygens.
Because integrase attaches the attacking nucleophile to the 50 phosphate (p in
panel A) on the 30 side of a nick, the nucleophile can be identiﬁed if one DNA
strand is labeled with 32P (the asterisk) between the ﬁnal 2 nucleotides near the 30
end (in contrast to other integrase assays that place the label at the 50 end, as
indicated by the circle). (A) Nonspeciﬁc nicking (the 3 arrows indicate that various
DNA sites may be nicked). Labeled products of alcoholysis migrate on gels as a
function of the attached R group, whereas products of hydrolysis (when ROH is a
water molecule) comigrate on gels with oligonucleotides. (B) Speciﬁc processing
after the conserved CA nucleotides (in boldface) near the ends of retroviral DNA.
Depending on whether water (HOH), an alcohol (ROH), or the viral DNA 30–OH end
(the OH is not shown) acts as the nucleophile for nicking, the terminal nucleotides
(GT in the case of HIV-1) are removed either as a linear dinucleotide, bound to an
alcohol, or circularized, respectively.
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end of DNA for nicking (Skinner et al., 2001).
To date, the list of nucleophiles that integrase has been shown
to use for nicking DNA includes water; 1,2-ethanediol (ethylene
glycol); 1,2-propanediol (propylene glycol); 1,3-propanediol; 1,2,3-
propanetriol (glycerol); serine; threonine; 30 ends of DNA, and even
50 ends of DNA (Diamond and Bushman, 2006; Engelman et al.,
1991; Katzman et al., 1991; Katzman and Sudol, 1996; Vink et al.,
1991). We reasoned that a better understanding of the range of
nucleophilic compounds that integrase can accommodate as sub-
strates for its endonuclease activities would reﬂect the conﬁgura-
tion of its active site and provide insights into the structure of the
enzyme and perhaps the chemistry of its catalytic mechanism.
Thus, to begin to deﬁne the range of nucleophiles that can be used
by integrase, we tested 45 carefully selected nucleophilic com-
pounds (i.e., potential electron donors that varied in size, number
of nucleophilic groups, or spacing between groups) as substrates
for human immunodeﬁciency virus type 1 (HIV-1) integrase during
site-speciﬁc nicking at the ends of viral DNA and during nonspe-
ciﬁc DNA nicking reactions.Fig. 2. Nonspeciﬁc nicking assay. Double-stranded 24-mers of nonspeciﬁc sequence
were labeled near the 30 end of one strand and used as substrates for reactions as
described in Materials and methods. The integrase (IN) or control used for each
reaction is indicated above the lanes as protein buffer (Buf), glycerol-free wild-type
HIV-1 integrase (þ), or an inactive integrase mutant (M). The volume (in ml) of
nucleophilic compounds (Cpd) added to each 10-ml reaction also is shown: none for
lanes 1 and 2; 1–5 ml of undiluted 1,2-ethanediol (100% ED) for lanes 3–8; and
1–5 ml of a 4 M solution of ED in DMSO for lanes 9–14. An autoradiogram from a
20% polyacrylamide gel in which the bromophenol blue dye had migrated 28 cm is
shown, with nucleotide sizes indicated at the left. Circles after lanes 8 and 14 mark
alcohol-dependent novel bands evident on the original autoradiograms, with the
open circle between the 9 and 10 positions highlighting a particularly prominent
product.Results
Strategy to detect usage of nucleophilic compounds by integrase
We prepared double-stranded oligonucleotide substrates that
were internally labeled with 32P between the ﬁnal two nucleotides
at the 30 end of one strand (Fig. 1), as described in Materials and
methods. As is common with these substrates (Skinner et al., 2001),
the labeled oligonucleotides undergo a degree of spontaneous
degradation (likely due in part to radiolysis from the internal label),
which conveniently provides a ladder of oligonucleotide markers on
autoradiograms of denaturing gels (e.g., Fig. 2, lane 1), as conﬁrmed
by comparison to markers created by the action of the nonspeciﬁc
nuclease DNase I (data not shown). Thus, the ability of integrase to
use a compound as a nucleophile to nick DNA is indicated by the
detection of an integrase-dependent radioactive band that does not
migrate at the position of oligonucleotides but migrates at a novel
position that is a function of the size of the compound, reﬂecting
joining of the compound to the 50 phosphate of the fragment of DNA
that is released from the 30 side of the nick (Fig. 1).
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as a cryoprotectant in the integrase storage buffer from our standard
40% concentration (which would yield a ﬁnal concentration of 4%
glycerol in typical integrase reactions) to a concentration of 10%
(which results in only 1% glycerol in the ﬁnal reaction mixtures). This
maneuver permitted the puriﬁed integrase preparations to be frozen
for extended periods without losing enzyme activity (though the
aliquots could not be freeze/thawed repeatedly), while reducing the
amount of alcohol adducts formed as a result of integrase using
glycerol as the attacking nucleophile (which could interfere with
detecting usage of the test compound if the compound had a
molecular weight similar to glycerol). After initial screening reactions
using low-glycerol integrase preparations, ﬁnal experiments were
performed using maximal non-inhibitory concentrations of the test
compounds and a freshly prepared glycerol-free preparation of
integrase to assess unequivocally whether the compound could be
used as a substrate for integrase under these reaction conditions.
Nucleophiles used for nonspeciﬁc DNA nicking
We initially focused on the nonspeciﬁc nicking activity of inte-
grase (Fig. 1A), in concert with a related project that was investigating
a novel antiviral strategy of stimulating this activity to damage DNA
(Sudol et al., 2011, 2010). An example of this assay is shown in Fig. 2,
where a glycerol-free preparation of integrase was tested for nicking
of double-stranded nonspeciﬁc 24-mers in which one DNA strand
was radiolabeled near its 30 end (as in Fig. 1A). As mentioned above,
the background bands from a reaction that contained neither
integrase nor exogenous nucleophiles (Fig. 2, lane 1) and reactions
with an inactive integrase (lanes 3 and 9) provided oligonucleotide
markers for this analysis. That lanes 3 and 9 are indistinguishable
from lane 1 also shows that addition of 1,2-ethanediol (ED), the
exogenous nucleophile used in this case, had no effect in the absence
of active integrase. In contrast, a reaction with wild-type integrase but
no exogenous nucleophile (Fig. 2, lane 2) shows increased intensity of
several bands that migrate with the markers and reﬂect nonspeciﬁc
hydrolysis (for example, bands at the 16, 13, 12, 9, and 7 positions are
darker in lane 2 compared to lane 1).
Consistent with our earlier work (Katzman and Sudol, 1996),
integrase reactions that included increasing amounts of anFig. 3. Examples of compounds used by integrase to nick DNA nonspeciﬁcally. Doubl
strand and incubated as in Materials and methods with protein buffer as a negative co
lanes 1 and 2 lacked exogenous nucleophiles, and reactions for lanes 3–16 contained
(MW) of each chemical are shown above the lane. Part of an autoradiogram from a 23
shown. The positions of 9-mers and 10-mers are indicated at the left, and the open circ
IN—integrase.undiluted stock of ED (18 M starting concentration) showed many
dose-dependent novel products (Fig. 2, lanes 4–8, as indicated by
circles next to lane 8, with the open circle between positions 9 and
10 marking a particularly prominent band). These products reﬂect
usage of ED as the attacking nucleophile and its concomitant
joining to the 50 phosphate on the 30 side of the nick. As expected
(Skinner et al., 2001), the effect of the attached alcohol on retarding
migration through the gel lessened as the length of the attached
DNA became greater (e.g., the adduct formed with the 8-mer
migrates at the 8.7 position, the adduct with the 9-mer migrates
at the 9.5 position, and the adduct with the 13-mer migrates at
13.3). Because most of our test chemicals were dissolved in
dimethyl sulfoxide (DMSO) at a concentration of 4 M, we also
performed reactions with varied amounts of a 4 M solution of ED in
DMSO (Fig. 2, lanes 10–14). The same novel bands were seen as
with the undiluted ED (as indicated by circles next to lane 14),
although the yield of these products was reduced (as expected) and
two of the lightest bands near the top of the gel were not detected.
It is worth noting that high concentrations of DMSO (approaching
40% in the reaction for lane 14, which contained 5 ml of ED/DMSO
[78% of which was DMSO] in a ﬁnal reaction volume of 10 ml) did
not inhibit integrase’s nonspeciﬁc nicking activity.
Using the assay system in Fig. 2, we tested 45 nucleophilic
compounds as substrates for integrase during nonspeciﬁc nicking.
Initial reactions used a preparation of integrase stored in 10%
glycerol (as discussed earlier) and tested 1–5 ml of each compound
to see whether integrase activity was inhibited (as assessed by
diminution of the 16-mer hydrolysis product) or whether the
compound was used as a substrate to nick DNA (as evidenced by
the appearance of novel bands that did not migrate with the
oligonucleotide markers or – if the compound had a molecular
weight similar to glycerol – by increased intensity at the glycerol-
adduct positions). Ultimately, maximal non-inhibitory concentra-
tions of the compounds were tested with a glycerol-free integrase
preparation. Remarkably, we found that integrase used 17 of the 45
compounds as a nucleophile to nick DNA nonspeciﬁcally. Results
from 14 of these compounds are shown in Fig. 3, where novel
products between the 9-mer and 10-mer positions are indicated by
open circles (only this part of the autoradiogram is shown). A strong
correlation between migration and molecular weight (MW) of thee-stranded 24-mers of nonspeciﬁc sequence were labeled near the 30 end of one
ntrol (Buf, lane 1) or glycerol-free HIV-1 integrase (þ , lanes 2–16). Reactions for
optimal concentrations of the indicated compounds (Cpd); the molecular weights
% polyacrylamide gel in which the bromophenol blue dye had migrated 40 cm is
les mark alcohol-dependent novel bands. Equal volumes were loaded in each lane.
Fig. 4. Site-speciﬁc processing assay. Double-stranded 18-mers derived from one
end of HIV-1 DNA were labeled near the 30 end of the strand that contains the
conserved CA and used as substrates for reactions as described in Materials and
methods. The integrase (IN) or control used for each reaction is indicated above
the lanes as protein buffer (Buf), glycerol-free wild-type HIV-1 integrase (þ), or an
inactive integrase mutant (M). The volume (in ml) of nucleophilic compounds
(Cpd) added to each 10-ml reaction also is shown: none for lanes 1 and 2, and
1–5 ml of undiluted ED, 4 M ED in DMSO, or DMSO, respectively, for lanes 3–8,
9–14, and 15–20. An autoradiogram from a 20% polyacrylamide gel in which the
bromophenol blue dye had migrated 34 cm is shown, with nucleotide sizes
indicated at the left. Processing of the 18-mer substrate (S) yields a linear
dinucleotide (L), cyclic dinucleotide (C), or alcohol adduct (A). The joined products
(J) near the top of the gel are formed by insertion of some of the 16-mer processed
ends into a radioactive DNA strand and parallel the amount of processing activity.
Circles after lanes 8 and 14 mark nonspeciﬁc alcoholysis products.
J.B. Ealy et al. / Virology 433 (2012) 149–156152test compound is evident from Fig. 3 (i.e., the greater the MW of the
compound, the more the novel band was retarded through the gel).
Importantly, these results were not gel artifacts due to the test
compounds, because mixing completed reactions that used different
chemicals before the gel analysis permitted visualization of the
individual products (data not shown) (Katzman and Sudol, 1996).
Nucleophiles used for site-speciﬁc DNA nicking
Given the large number of compounds used by integrase for
nonspeciﬁc nicking and the uncertain biological relevance of the
nonspeciﬁc alcoholysis assay, we extended these studies to the
site-speciﬁc processing assay that is catalyzed by integrase
in vitro and in vivo. An example of this assay is shown in Fig. 4,
where a glycerol-free preparation of integrase was tested for site-
speciﬁc processing of double-stranded 18-mers derived from one
end of HIV-1 DNA, with the strand that contains the conserved CA
bases radiolabeled between the ﬁnal two nucleotides near its 30
end (as in Fig. 1B). Again, background bands from reactions that
lacked integrase (Fig. 4, lane 1) or used an inactive integrase
mutant (lanes 3, 9, and 15) provide oligonucleotide markers for
this analysis, and no effect of the exogenous nucleophile was seen
in the absence of active integrase (because lanes 3, 9, and 15 are
identical to lane 1). In contrast, a reaction with active integrase
but no exogenous nucleophile (lane 2) shows that integrase
releases the terminal nucleotides either as a linear dinucleotide
when water is used as the nucleophile (L, at the 2 position) or as a
cyclic product when the 30–OH at the end of the DNA acts as the
nucleophile (C, between the 7 and 8 positions) (Engelman et al.,
1991; Skinner et al., 2001). Strand-transfer or joined products are
also evident in lane 2 (J, near the top of the gel), reﬂecting
insertion of some of the 16-mer products of processing into other
labeled strands to create longer products that migrate slower
than the original 18-mer substrate. Moreover, integrase reactions
that included increasing amounts of ED from the undiluted 18 M
stock (lanes 4–8) show an additional product between the 8 and
9 positions (denoted as A), reﬂecting the alcohol adduct of ED
attached to the dinucleotide (Engelman et al., 1991; Skinner et al.,
2001; Vink et al., 1991). Several minor products also increased
with the concentration of ED (lanes 4–8, indicated by circles next
to lane 8) and reﬂect concurrent nonspeciﬁc alcoholysis of the
virus-derived DNA substrate.
To mimic the situation with the test compounds, we also
performed reactions with varied amounts of a 4 M solution of ED
in DMSO (Fig. 4, lanes 10–14). Each of the L, C, A, and J products
were seen under these conditions in lanes 10–12 (with the
expected lower amounts of the A product compared to reactions
with undiluted ED), but an unexpected ﬁnding was that these
products were greatly reduced or not detected at the higher
concentrations of ED/DMSO in lanes 13 and 14. In contrast to the
diminished speciﬁc processing products in lanes 13 and 14,
however, the nonspeciﬁc alcoholysis products were not reduced
at the higher concentrations of ED/DMSO (as indicated by circles
next to lane 14). Suspecting that high concentrations of DMSO had
selectively inhibited integrase’s processing activity, we repeated
these reactions with DMSO but without ED (Fig. 4, lanes 16–20).
The results conﬁrmed that DMSO concentrations Z30% inhibited
processing (note the diminished or absent L, C, and J products in
Fig. 4, lanes 18–20; there are no A products because the reactions
lacked ED). Together with the data from Fig. 2, we can conclude
that high concentrations of DMSO inhibit integrase’s site-speciﬁc
processing activity but not its nonspeciﬁc nicking activity.
Using the system in Fig. 4, we tested the 45 nucleophilic
compounds as substrates for integrase during processing reactions,
initially with integrase stored in 10% glycerol and ultimately with
glycerol-free integrase. If the compound inhibited integrase activity(as most readily assessed by diminution of the cyclic dinucleotide
and strand-transfer products), lower concentrations were tested.
Overall, we found that integrase could use 18 of the compounds to
process viral DNA ends, 16 of which are shown in Fig. 5 (where the
novel bands are indicated by open circles between the 8 and 11
positions). As expected, migration of these products varied greatly
because the DNA component of these alcohol adducts was only
2 nucleotides long. Migration of the novel bands in Fig. 5 generally
paralleled the MW of each compound (with larger compounds
retarding migration more), except for 1,2,3,4-butanetetrol in lane
12 (which can be attributed to an artifact given the faster migration
of the 9- and 10-mers in this lane relative to other lanes), and serine
Fig. 5. Examples of compounds used by integrase to process viral DNA ends. Double-stranded 18-mers from one end of HIV-1 DNA were labeled near the 30 end of the
strand with the conserved CA and incubated as in Materials and methods with protein buffer (Buf, lane 1) or glycerol-free HIV-1 integrase (þ , lanes 2–18). Reactions for
lanes 1 and 2 lacked exogenous nucleophiles, and reactions for lanes 3–18 contained optimal concentrations of the indicated compounds (Cpd); the molecular weights
(MW) of each chemical are shown above the lane. Part of an autoradiogram from a 20% polyacrylamide gel in which the bromophenol blue dye had migrated 34 cm is
shown. The positions of 8-, 9-, 10-, and 11-mers are indicated at the left, and the open circles mark alcohol adducts of each chemical attached to the labeled dinucleotide
released from the 30 end of the DNA. Because of their higher yield of products, lanes 3 and 6 were loaded with 1/2 and 1/4, respectively, as many counts per minute as were
the other lanes. IN—integrase.
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different structure of these amino acids compared to the other
compounds). As with the nonspeciﬁc nicking assay, the novel bands
in Fig. 5 were not gel artifacts caused by the test compounds
because mixing reactions that used different chemicals permitted
visualization of the individual products (data not shown) (Katzman
and Sudol, 1996).
Compilation of nucleophiles used for speciﬁc and nonspeciﬁc nicking
Table 1 summarizes the results of these studies. Overall,
integrase used 22 of the 45 tested molecules as a nucleophile to
nick DNA, but not all active compounds were used for both types of
nicking. Thus, 13 compounds were used both for site-speciﬁc
processing and for nonspeciﬁc nicking, 5 compounds were used
only for site-speciﬁc processing, and 4 compounds were used only
for nonspeciﬁc nicking; 23 other compounds were not used for
either activity. Under these test conditions, the nucleophiles used
by integrase to nick DNA yielded the most alcohol adducts at ﬁnal
concentrations in the reaction mixtures that ranged from 0.2–
1.6 M. Although some of the compounds in Table 1 that were not
utilized to nick DNA inhibited integrase and could be validly tested
only at lower concentrations, several of the compounds were
inactive (and non-inhibiting) when tested at similar concentrations
as were used for the active compounds (data not shown).Discussion
Retrovirus replication requires the same enzyme to speciﬁcally
nick the ends of viral DNA during processing and nonspeciﬁcally
nick cellular DNA during strand transfer. The versatility of
integrase is further illustrated by the ﬁnding that it can use a
variety of nucleophilic donor molecules to nick DNA, whether a
speciﬁc or a nonspeciﬁc site is being targeted. Before the current
work, it was known that integrase could accommodate 8 donormolecules as the attacking nucleophile to nick DNA, including
water, DNA, 2 amino acids, and 4 other alcohols (Diamond and
Bushman, 2006; Engelman et al., 1991; Katzman et al., 1991;
Katzman and Sudol, 1996; Vink et al., 1991). As a result of this
work, the list has dramatically expanded to 24, including water,
DNA, and the 22 active molecules listed in Table 1. In fact,
integrase can use alternative nucleophilic molecules preferen-
tially to the more-abundant water molecules: for example, even
in a solution that has 40% (or 7 M) ED, the water molecules are
at a concentration of 33 M (Skinner et al., 2001). Integrase likely
uses these diverse nucleophilic substrates via its authentic cata-
lytic mechanism, given that the selection of target DNA sites is
not altered by whether water or other nucleophiles are used
(Skinner et al., 2001). On the other hand, the physiological
relevance of these in vitro observations is unclear, though it
should be underscored that the identity of the nucleophile or
nucleophiles used for processing the ends of viral DNA in vivo
remains unknown. Moreover, an abundance of potential nucleo-
philes may be available, given that the environment within cells is
much more crowded than the dilute aqueous solutions typically
used to study enzymes (Fulton, 1982; Ringe and Petsko, 2008;
Zimmerman and Minton, 1993).
The molecules in Table 1 that were used by integrase as
nucleophilic substrates include linear and cyclic diols, as well as
hydroxy amino acids. Although most of the active compounds
have nucleophilic OH groups on adjacent carbon atoms (i.e., they
are vicinal diols), integrase sometimes used compounds in which
these groups were separated by an additional 1 or 2 carbons (e.g.,
1,3-propanediol for both activities or 1,4-butanediol for nonspe-
ciﬁc nicking). However, larger spacing between nucleophilic
groups appeared to preclude activity. Lengthening the carbon
chain within a series of vicinal diols progressively diminished
activity, as seen by comparing 1,2-ethanediol; 1,2-propanediol
(which had less of one activity); 1,2-butanediol (which had less of
both activities); 1,2-pentanediol (which lost one activity); and
1,2-hexanediol (which had neither activity). However, addition of
Table 1
Usage of Nucleophilic Compounds by HIV-1 Integrase.
Usage in Nicking Assaysa Summaryb
Compoundsc Nonspeciﬁc Processing NS Proc Both Neither
2-carbon chains
2-aminoethanol (ethanolamine) – – ’
1,2-ethanediol (ethylene glycol) þþþ þþþ ’
(þ/)-1-phenyl-1,2-ethanediol – – ’
3-carbon chains with 1 OH group
(R)-()-2-amino-1-propanol – – ’
(S)-(þ)-2-amino-1-propanol – – ’
(þ/)-1-amino-2-propanol – – ’
(R)-()-1-amino-2-propanol – – ’
(þ/)-1-mercapto-2-propanol – – ’
3-carbon chains with41 OH group
(þ/)-1,2-propanediol (propylene glycol) þþþ þþ ’
(þ/)-3-methoxy-1,2-propanediol þ þ ’
(þ/)-3-amino-1,2-propanediol – – ’
(S)3-amino-1,2-propanediol – – ’
(R)-3-amino-1,2-propanediol – – ’
(þ/)-3-mercapto-1,2-propanediol (1-thioglycerol) – – ’
1,3-propanediol þþ þ ’
2-methyl-1,3-propanediol þþ – ’
2-hydroxymethyl-1,3-propanediol þ þ ’
2-amino-1,3-propanediol (serinol) – – ’
1,2,3-propanetriol (glycerol) þþþþ þþþþ ’
4-carbon chains
(þ/)-1,2-butanediol þþ þ ’
(þ/)-1,3-butanediol þþ – ’
1,4-butanediol þ – ’
2,3-butanediol (mixture of isomers) þ þþ ’
(þ/)-1,2,4-butanetriol þþ þþ ’
DL-1,2,3,4-butanetetrol (DL-threitol) þþ þ ’
5-carbon chains
(þ/)-1,2-pentanediol – þ ’
(þ/)-1,4-pentanediol – – ’
1,5-pentanediol – – ’
2,4-pentanediol (mixture of isomers) – – ’
6-carbon chains
(þ/)-1,2-hexanediol – – ’
(þ/)-1,5-hexanediol – – ’
1,6-hexanediol – – ’
2,5-hexanediol (mixture of isomers) – – ’
(þ/)-1,2,3-hexanetriol þ þþ ’
(þ/)-1,2,6-hexanetriol – þþ ’
7-carbon chains
1,7-heptanediol – – ’
Cyclic or aromatic compounds
cis-1,2-cyclopentanediol þ þ ’
(þ/)-trans-1,2-cyclopentanediol þþþ þ ’
1,3-cyclopentanediol, mixed cis/trans þþ – ’
1,3-benzenediol (resorcinol) – – ’
1,4-benzenediol (hydroquinone) – – ’
Misc
L-serine – þþ ’
D-serine – þþ ’
L-threonine – þ ’
D-threonine – – ’
Totalsd
45 17e 18f 4 5 13 23
a Novel products were quantiﬁed by densitometry of autoradiograms, with comparisons relative to the amount of alcohol adduct for reactions
with 1,2-ethanediol (which was set at 100%): þþþþ (4100%), þþþ (51–100%), þþ (20–50%),þ(o20%), - (not used to nick DNA).
b A mark indicates whether the compound was used in nonspeciﬁc (NS) nicking assays only, speciﬁc processing (Proc) assays only, both assays,
or neither assay.
c Similar compounds are grouped, with common names in parentheses.
d Number of compounds tested, compounds used to nick DNA, or marks in each column.
e 14 are in Fig. 3 (all but 3-methoxy-1,2-propanediol; 1,2,3,4-butanetetrol; 1,2,3-hexanetriol).
f 16 are in Fig. 5 (all but cis-1,2-cyclopentanediol and trans-1,2-cyclopentanediol).
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compared to 1,2,3-hexanetriol) or restore only one activity (1,2,6-
hexanetriol). It also appears that although an additional methoxy
group could be accommodated (e.g., 1,2-propanediol and 3-meth-
oxy-1,2-propanediol were used for both activities, though the
latter was less active), an additional amino or mercapto group
was not tolerated (the 3-amino-1,2-propanediol isomers and
3-mercapto-1,2-propanediol were inactive). It is also remarkable
that some compounds could be very active for one but not the
other activity, e.g., L- or D-serine were good substrates only for
processing, and 1,3-cyclopentanediol was a good substrate only
for nonspeciﬁc nicking.
A striking ﬁnding from this work was that integrase could use
a large number of donor molecules to nick DNA. Although the
previously identiﬁed glycerol and 1,2-ethanediol remain the most
active substrates after this analysis, the diversity of nucleophiles
used by integrase suggests considerable ﬂexibility of its active
site. However, selectivity is still evident and many compounds
were not used at all. Thus, integrase does not merely position
DNA for attack by any nucleophilic compound (Skinner et al.,
2001). It is also worth noting that the results described here were
obtained with HIV-1 integrase. We previously reported that the
integrases of HIV-1, Rous sarcoma virus, and visna virus had
different preferences for using water or other nucleophiles when
nicking DNA, including speciﬁc processing and nonspeciﬁc nick-
ing (Skinner et al., 2001). That different integrases accommodate
different nucleophiles also indicates that these reactions reﬂect
speciﬁc enzyme–substrate interactions.
An unexpected ﬁnding from this work was that high concentra-
tions of DMSO selectively inhibited integrase’s site-speciﬁc proces-
sing activity but not its nonspeciﬁc nicking activity. This ﬁnding
should encourage the idea of pharmacologically perturbing inte-
grase to damage viral DNA before integration occurs (Katzman and
Sudol, 1996; Sudol et al., 2011; Sudol et al., 2010). It also suggests
that speciﬁc processing may be more dependent on high levels of
water activity, but whether that means water is the natural
nucleophile for processing in vivo is unclear. It is tempting to
speculate that the data for processing have physiological relevance,
but much also can be learned from nonspeciﬁc alcoholysis assays,
which reﬂect coordination of the attacking OH group without the
complex interactions with double-stranded viral DNA that occur
during strand-transfer or DNA joining. Thus, these data should be
useful for modeling the catalytic mechanism of integrase and related
enzymes and for identifying common features and limitations of
nucleophilic substrates or pharmacophores that interact produc-
tively with integrase. In this regard, the recent crystallization of full-
length prototype foamy virus integrase in complexes with DNA and
inhibitors (Hare et al., 2010a, 2010b; Maertens et al., 2010) has been
helpful for modeling HIV-1 integrase (Krishnan et al., 2010), but
much still needs to be learned about the biochemistry of retroviral
integration (Cherepanov et al., 2011; Li et al., 2011). For example, it
will be of interest to model how the nucleophilic groups in the
active and inactive compounds described in this report, compared to
water or the 30-hydroxyl of processed viral DNA, would interact with
divalent metals in the active site of the enzyme. A fuller under-
standing of how integrase functions should enhance our under-
standing of retrovirus replication, facilitate the design of new
inhibitors for clinical use, and improve methods for gene therapy.Materials and methods
Reagents
Glycerol was purchased from Fisher Scientiﬁc (Fair Lawn, NJ,
USA); all of the other compounds listed in Table 1 were purchasedfrom Sigma-Aldrich Corporation (St. Louis, MO, USA), most as a
special order of 500 mg each. All test compounds were dissolved
or diluted to a stock concentration of 4 M in DMSO (Sigma-
Aldrich Corporation) with the following exceptions: 1-phenyl-
1,2-ethanediol was dissolved at 3 M in DMSO, L-serine and
D-serine were dissolved at 4 M in 10 mM Tris–HCl (pH 8.0), and
L-threonine and D-threonine were dissolved at 1 M in 10 mM
Tris–HCl (pH 8.0).
HIV-1 integrase
HIV-1 integrase was expressed in bacteria and puriﬁed under
native conditions as described previously (Harper et al., 2003;
Katzman and Sudol, 1995), using a dialysate with 10% glycerol
(Sudol et al., 2010) or one that did not contain glycerol. Puriﬁed
protein was diluted to a concentration of 4 pmol/ml and stored at
70 1C in aliquots if it contained 10% glycerol, or stored undiluted
at approximately 20 pmol/ml on ice in a 4 1C refrigerator if it
lacked glycerol. Glycerol-free HIV-1 integrase stored under these
conditions retained good activity through at least 10 day (data not
shown) and was always tested within 8 day of puriﬁcation. An
active-site mutant of HIV-1 integrase that has a D116I amino-acid
substitution and lacks enzyme activity (Harper et al., 2001) was
puriﬁed similarly.
Radioactive assays for DNA nicking
The sequence of the HIV-1 U5 plus strand terminal 18-mers
and the nonspeciﬁc 24-mers have been published (Skinner et al.,
2001). Shorter versions of the appropriate strands were labeled
near the 30 end by annealing with a 3-fold amount of comple-
mentary oligonucleotide that created a 50 overhang, followed by a
30 ﬁll-in reaction using the Klenow fragment of DNA polymerase I
and either [alpha-32P]dTTP (800 Ci/mmol) for the viral DNA
substrate or [alpha-32P]dCTP (800 Ci/mmol) for the nonspeciﬁc
substrate. The labeled strands were then gel-puriﬁed and
annealed with 4-fold unlabeled complementary oligonucleotide
to create blunt-ended double-stranded substrates (Skinner et al.,
2001). Integrase assays were conducted for 90 min at 37 1C in
10-ml reactions that contained 0.5 pmol of double-stranded DNA,
25 mM Tris–HCl (pH 8.0), 10 mM dithiothreitol, 10 mM MnCl2,
1–5 ml of exogenous nucleophiles (test compounds), and 1 ml of
wild-type integrase, mutant integrase, or protein storage buffer.
Reactions were stopped by addition of 20 ml of loading buffer and
heating at 95 1C for 5 min, and aliquots were loaded onto 20% or
23% polyacrylamide-7 M urea denaturing gels. Electrophoresis
was at 75 W until the bromophenol blue dye had migrated an
appropriate distance (as indicated in the ﬁgure legends), and wet
gels were autoradiographed at 70 1C.Acknowledgments
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